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was investigated. The modiﬁed bentonites were prepared dispersing the bentonite particles in Co2+
hydroxide gels. The samples were characterized by X-ray diffraction, Fourier transform infrared spectroscopy,
thermal analyses and energy dispersive X-ray spectroscopy. An endothermic peak around 900 °C indicated
the formation of olivine. A test with benzyl alcohol conﬁrmed the catalytic activity as acidic catalyst for alcohol
oxidation.x: +55 044 3262 4623. Fig. 1. X-ray diffract
bentonites, dried at
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Bentonites have a wide range of chemical and industrial uses. The
structure and chemical composition, exchangeable ion type and small
particle size of smectites are responsible for several properties,
including large speciﬁc surface area, high cation exchange capacity
and physico-chemical properties such as swelling, plasticity, cohesion,
compressibility, strength, cation exchange capacity, particle size,
adsorptive properties, pore structure, speciﬁc surface area, surface
acidity and catalytic activity. Many properties are affected by heating
and ion exchange (Bergaya and Lagaly, 2006; Teixeira-Neto and
Teixeira-Neto, 2009; Önal and Sarikaya, 2007).
Nowadays, bentonites are used to support transition metals that
function as acid catalysts (Yurdakoç et al., 2008). Such catalysts were
used for the catalytic conversion of hydrocarbons, hydrocracking of
heavy liquid fuels, catalytic reactions of alcohols, dehydrogenation of
ethylbenzene, among other applications (Yurdakoç et al., 2008).
Another important application studied in recent years is the use of
organo-bentonites to prepare clay mineral-polymer composites and
nanocomposites (Lavrent'eva et al., 2008).
Many scientists focused their research on cobalt composites,
mainly due to its powerful potential as a reducing agent. Jiang et al.
(2009) studied cobalt salophen complexes immobilised on montmo-
rillonite. These materials showed excellent catalytic activity and
selectivity for the epoxidation of cyclohexene. Montmorillonite was
dispersed in an aqueous solution of Co(NO3)2·6H2O. The obtainedsolid was added to a hot ethanolic solution of the Schiff-base (N,N′-bis
[salicylidene]o-phenylenediamine). To remove the excess ligand, the
collected solids were washed several times with ethanol and thenion patterns for a) VL, b) modiﬁed VL, c) BR and d) modiﬁed BR
150 °C. M—montmorillonite, K—kaolinite and Q—quartz.
Table 1
Minerals indicated by the X-ray patterns.
Mineral Chemical formula Crystal
system
Space
group
JCPDS-
ICDDa ﬁle
Montmorilloniteb (Al,Mg,Fe)2(Si)4O10
(OH)24H2O
Hexagonal P 29-1498
Quartz SiO2 Hexagonal P312 01-0649
Opal CT SiO2 Cubic Fd-3 m 01-0424
Albite NaAlSi3O8 Anorthic C-1 01-0739
Olivine (Mg,Fe)2SiO4 Orthorhombic Pbnm 85-1682
Co-olivine (Co,Mg)2SiO4 Orthorhombic Pbnm 87-0056
a Joint Committee on Powder Diffraction Standards—International Centre for
Diffraction Data.
b This pattern represented smectites.
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colorless. The solids were dried under vacuum at 50 °C.
The procedure proposed by Jiang et al. consisted of complicated
removal of the organic species. We propose a simpler procedure for
the modiﬁcation of two Brazilian bentonites: a Na+-bentonite
(Brasgel) (Corrêa et al., 2007) and a polycationic bentonite (Verde-
Lodo) containing Na+, Ca2+, and Mg2+ ions (Amorim et al., 2004).
These bentonites were modiﬁed with colloidal cobalt (II) hydroxide
and the excess ligand and organic species were removed by heating.2. Experimental
Weused commercial bentonites fromBentonit União Nordeste S.A.
The deposits are located at Boa Vista City (Paraíba State) in Brazil. The
Boa Vista bentonites were formed by weathering in a lacustrine
environment through devitriﬁcation of volcanic material (Beurlen,
1995).
Two types of bentonite received as powders were used: the Na+-
bentonite Brasgel (BR) and Verde-Lodo bentonite with Na+, Ca2+, and
Mg2+ as exchangeable ions (VL). The bentonites were dispersed in
water and vigorously stirred for 24 h and, subsequently, submitted to
"maturation" for seven days.Fig. 2. X-ray diffraction patterns for a) VL, b) modiﬁed VL, c) BR and d) modiﬁed BR bentonite
at 1000 °C. M—montmorillonite, K—kaolinite, Q—quartz, A—albite, Cr—opal CT, Co–O—Co-oThe cobalt gel was prepared by mixing suitable amounts of cobalt
(II) acetate (Synth), sodium hydroxide (Synth), ethyl alcohol (Biotec)
and glycerol (Synth) at room temperature. All the rawmaterials were
analytical grade commercial reagents. The formed gel remained at rest
for three days, then was washed with distilled water to remove
soluble materials and unreacted particles. Bentonite xerogels were
prepared by mixing variable volumes of the Co hydroxide gel and the
bentonite dispersion under vigorous stirring for seven days.
The obtained samples were denominated as BR, BR/Co, VL and VL/
Co. They were dried at 150 °C for 24 h, and then heated for 3 h at
600 °C and 1000 °C. The samples were characterized by X-ray
diffraction (XRD) in a Shimadzu XDR7000 diffractometer (Cu
Kα=1.55418 Å), Fourier transform infrared spectroscopy (FTIR) in
a Nicolet IR200 spectrometer in the attenuated total reﬂectancemode,
thermogravimetric (TG) and differential thermal analysis (DTA) in a
Netsch STA Luxx 409 simultaneous thermal analyser, and energy
dispersive X-ray spectroscopy (EDS) in a Shimadzu Superscan SS550
microscope.
In a typical procedure, a mixture of 200 mg catalyst (cobalt-
modiﬁed VL and BR submitted to a heat treatment at 500 °C for 3 h),
30 mmol of alcohol (benzyl alcohol, C6H5CH2OH) and 30 mmol of a
solvent (toluene) was stirred in a three-necked ﬂask under nitrogen
atmosphere at 60 °C for 30 min. Then 40 mmol of the oxidant (H2O2)
was added. The ﬁnal mixture was reﬂuxed for 4 h under nitrogen
atmosphere. After reaction, the solid catalyst was separated from
solution by ﬁltration and centrifugation. The reaction mixture was
analyzed by FTIR.3. Results and discussion
The XRD patterns of the unmodiﬁed bentonites dried at 150 °C
(Fig. 1a,c) presented the typical pattern of montmorillonite with a
basal spacing of about 15 Å. Quartz (Q) and kaolinite (K) were
identiﬁed as associated minerals (Table 1).
The patterns of modiﬁed bentonites (Fig. 1b,d) showed an
enhanced continuous intensity at very low angles indicating a high
amount of disordered layers separated by the cobalt compounds, calcined at 600 °C. e) VL, f) modiﬁed VL, g) BR and h)modiﬁed BR bentonites, calcined
livine and O–Fe–Mg—olivine.
Fig. 3. Thermogravimetric (TG) and differential thermal analysis (DTA) curves for a) VL,
b) modiﬁed VL, c) BR and d) modiﬁed BR bentonites dried at 150 °C.
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spacing of the unmodiﬁed bentonites was reduced to ~9 Å.
The patterns of the modiﬁed VL bentonite calcined at 600 °C
(Fig. 2b) revealed albite- (A) and cobalt-modiﬁed olivine (Co–O)
besides quartz and opal CT (Cr). The montmorillonite pattern was no
longer visible. However, in the case of BR bentonite, the montmoril-
lonite pattern (basal spacing~9 Å) was still observed.
The diffractograms of bentonites heated at 1000 °C (Fig. 2e–h)
displayed albite, quartz and opal CT. A Fe–Mg olivine was also
identiﬁed.
The patterns of the cobalt-modiﬁed bentonites calcined at 1000 °C
displayed olivine, quartz, cristobalite and albite (Fig. 2f,h).
The differential thermal analysis (DTA) curve of VL bentonite
showed an endothermic peak near 140 °C (loss of adsorbed and
intercalated water). The loss of water and the decomposition of
organic matter continued up to 350 °C. The endothermic peak at
535 °C indicated the dehydroxylation of the montmorillonite struc-
ture. An exothermic peak at around 910 °C was attributed to the
formation of olivine (Burlitch et al., 1991). The DTA curve of the
modiﬁed VL bentonite showed the corresponding peaks at 130 °C,
320 °C, and 480 °C. The presence of glycerol may be the reason of the
decreased temperatures.
The DTA curves of the raw BR bentonite (Fig 3c) showed the
endothermic peaks at 125 °C and 350 °C. A dehydroxylation peak was
not detected. The formation of crystalline phases, most likely olivine,
was observed close to 900 °C. For the modiﬁed BR bentonite (Fig. 4d)
the reactionsoccurred at around140 °Cand330 °C. Thedehydroxylation
was indicated at 570 °C.
The TG curves (Fig. 3) indicated three mass loss steps: loss of
adsorbed intercalated water, water loss plus volatile substances, and
dehydroxylation. No mass loss was associated with the formation of
crystalline phases.
In the IR spectrumof the rawbentonites (Fig. 4a,c) dried at 150 °C for
24 h, the following absorption bands were observed: Si–O–Si bending
vibration at 460 cm−1; the Si–O–Al vibration at 520 cm−1 the Al–O and
Si–O coupled out-of-plane bending vibrations at 680 cm−1; the Al–O–Si
vibration at 770 cm−1; the bending vibration of octahedral cations and/
or substitutional atomsbounded to hydroxyls in the octahedral site (Al–
OH–Al at 915 cm−1 and Al–OH–Fe at 870 cm−1); and the axial
deformations of Si–O–Si, outside the plane (1010 cm–1) and in the
plane (1110 cm−1). At 1630 cm−1 and 3400 cm−1 there were two
bands related to the angular deformation and axial deformation of the
hydration water. At 3620 cm−1 the vibration band of structural
hydroxyl groups was observed. Bands at 470, 510, 780 and 1050 cm−1
were attributed to the Si–O–Si vibrations of quartz.
The spectrum of the modiﬁed bentonite (Fig. 4b,d) presented the
same bands as the raw bentonite. However, the ~3400 cm−1 band
was intensiﬁed due to the organic compounds in the cobalt hydroxide
gel.
The spectra of the 1000 °C calcined bentonites (Fig. 4e,h) did no
longer show absorption bands 1300 and 4000 cm−1 (not shown
region).
We assumed the following attribution:
– ~460 cm−1: Si–O–Si bending vibration; Si–O–Si vibrations of
quartz;
− ~500 cm−1: Si–O–Al vibration (silicon atoms at tetrahedral,
aluminium atoms at the octahedral sites); Co–O vibrations in
octahedral sites (Okamoto et al., 1975); Si–O–Si vibration of
quartz;
– ~570 cm−1: Al−O–Si bending band in distorted sites; Co–O
vibrations in octahedral sites;
– ~670 cm−1: Al–O and Si–O coupled out-of-plane bending vibra-
tions; Co–O vibrations in tetrahedral sites (Christoskova et al.,
1999);
– ~800 cm−1: Al–O–Si vibration showing for tetrahedral sites;
Fig. 4. Fourier transform infrared (FTIR) spectra for a) VL, b) modiﬁed VL, c) BR and d) modiﬁed BR bentonites dried at 150 °C. e) VL, f) modiﬁed VL, g) BR and h) modiﬁed BR
bentonites calcined at 1000 °C.
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– ~1050 cm−1: vibrations of the Si–O–Si, outside and in the plane
vibrations; Si–O–Si vibrations of quartz.The chemical composition of the bentonites was determined by
EDX (Table 2) after calcinations at 1000 °C because the presence of the
organic compounds could mask the results.
Table 2
EDX data of the bentonites calcined at 1000 °C.
Bentonites Elements (at.%)
Na Mg Al Si Fe Ca Co
VL 0.8 1.6 8.6 15.5 5.8 nf nf
VL-Co 0.9 1.3 6.3 12.2 2.4 nf 31.2
BR 1.5 1.9 6.3 17.3 1.9 0.8 nf
BR-Co 3.2 2.2 5.8 18.2 2.8 2.2 8.6
nf—not found.
Fig. 5. Fourier transform infrared (FTIR) spectra for a) benzyl alcohol, b) benzaldehyde
formed in the presence of modiﬁed BR bentonite heated at 500 °C c) the same as (b) for
modiﬁed VL bentonite.
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polycationic VL bentonite, as expected. Both bentonites had almost
the same content of Mg. Only the BR bentonite had Ca atoms. Both
bentonites contained Fe, which explains the Fe-olivine. The Co
content of the modiﬁed VL bentonite was four times that of the
modiﬁed BR.
To gain some insight about the catalytic activity of the modiﬁed
bentonites, the oxidation of benzyl alcohol was tested. The FTIR
spectra (Fig. 5) clearly indicated the formation of benzaldehyde.
4. Conclusions
We described the preparation of Co-bentonites by a simpler
method than reported by Jiang et al. (2009). Brasgel and Verde-Lodobentonites from Brazil were modiﬁed via sol–gel technique. The
bentonites were dispersed in Co2+ hydroxide gels and calcined up to
1000 °C. These bentonites, heated to N500 °C showed catalytic activity
as tested by benzyl alcohol oxidation into benzaldehyde. Modiﬁed
bentonites after calcinations may be used as acidic catalysts,
electrochemical devices, electrocatalysis, and sensors.Acknowledgements
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